The current study examined the physical and decision-making requirements of elite Australian football umpires during match play. Twenty-nine field umpires were assessed across 20 Australian Football League matches. Physical demands were monitored using global positioning system devices to record the total distance covered and high-speed running (HSR; >14.4 km·h -1 ) demands across each quarter. Decision-making performance was assessed via video by three elite umpire coaches who reviewed free kick accuracy during each match. These data were further analyzed according to the position (mid-zone or endzone) of the umpire when each decision was made. The average distance covered was 10,563 ± 608 m, of which 1952 ± 494 m was HSR. Significant reductions in distance covered were observed during the third (p=0.006) and fourth (p=0.001) quarters, compared to the first. An average of 44 ± 8 free kicks awarded per match with a decision accuracy of 84 ± 6%; however, there were no significant differences (p>0.05) in these measures across a match.
INTRODUCTION
Australian football (AF) officials are responsible for enforcing the laws of the game and ensuring that matches are played in a fair and safe manner. The on-field AF officials, commonly known as 'field umpires', are responsible for officiating play on large fields (between 135-185 m long, 110-155 m wide), with 36 players on the field at one time. Given this large playing area, three field umpires are appointed to elite matches and officiate together without the benefit of being interchanged. As such, field umpires typically rotate between three main areas of the field, specifically the mid-zone and two end-zones to equally share the match demands (see Figure 1 ). The umpire officiating the mid-zone typically undertakes greater work demands, given that this is the largest zone and the ball frequently transitions through this region. The timing of rotations is largely determined on the field by the umpires, however they commonly occur following a goal, or during a delay in play (i.e. ball out of bounds, player injury). Previous studies have reported that field umpires cover between 10,000-11,500 m using the three umpire system, with high-speed running (HSR; >14.4 km·h -1 ) accounting for ~3000 m (5, 7) . However, little is known on the differences in physical demands between the separate umpiring positions. ***FIGURE 1 ABOUT HERE*** While past literature has reported upon the physical demands AF umpiring (5, 7) , the other requirements of officials (i.e. decision-making requirements) are not well understood. The most important role of umpires is to determine whether the laws of the game have been breached by a player, and if so, apply the appropriate course of action by way of a free kick (8) . Such decisions are made in a dynamic, multi-person environment, and during periods of intense physical work. The ability of umpires to detect law infringements from video-based methods has concluded that elite AF umpires can correctly identify illegal acts of play on 92% of occasions (13) . While video-based assessments provide valid examination of decision-making performance, they do not replicate the physical, physiological, and psychological aspects of an actual match environment.
Specific to match play, soccer referees make up to 140 observable decisions, with ~45 free kicks directly related to breaches of the rules (8) . Other studies have demonstrated that soccer referees correctly adjudicate between 64-86% of free kick decisions (14, 15) . However, free kick decisions only account for a limited number of the total decision-making demands, and therefore when encompassing all decisions, it is likely that the accuracy would be considerably higher. With the limited information available regarding the match demands of AF umpires, this study aims to quantify the current demands of elite AF umpiring. Further, as no previous studies have compared the separate areas of the field (i.e. mid-zone versus endzone), this will be examined. These data detail the match running requirements of elite AF umpires, specifically describing the variations between different on-field umpiring positions, which is particularly important when prescribing conditioning training sessions. Lastly, the most important role of AF umpiring (decision-making) will be assessed to determine the decisionmaking performance during match play.
METHODS

Experimental Approach to the Problem
To analyze the current physical and decision-making demands of AF field umpires during elite match play, and to examine the differences in these demands in different areas of the field. Firstly, using time motion analysis methods, the current study quantified the overall physical demands associated with match play, as well as comparing the demands of the mid-zone and end-zone positions, typical of AF umpiring. Secondly, the study also determined the decision-making requirements by assessing the number of free kicks awarded and the accuracy of these decisions during elite AF matches.
Subjects
Male field umpires (n=29, age: 32.4 ± 6.1 y [range: 22-41 y]; height: 181.7 ± 5.7 cm; body mass: 73.6 ± 5.4 kg; Σ7 skinfolds: 49.6 ± 7.4 mm) volunteered to participate in this study.
Each participant had 6.4 ± 5.4 y experience of umpiring in elite AF competition, and all were currently officiating in the Australian Football League (AFL). Prior to the commencement of any testing procedures, approval was granted by The University of Newcastle Human Ethics Committee (approval number: H-2012-0045), and participants provided informed written consent. This study and its methods were supported by the AFL. Match data were collected on the three field umpires per match across 20 matches, resulting in a total of 58 files for analysis (two files were excluded due to incomplete data files). Individual AF umpires were examined between 1-4 times over the course of the data collection period.
Procedures
Free kick decisions were identified post-hoc by three experienced AF umpire coaches. Each AFL umpire coach had previously umpired at least 300 elite AFL matches and had been employed as an elite AFL umpire coach for between 7-12 years. Within three days following each match, coaches viewed each individual match using television broadcast footage and three additional camera angles (full field from behind the goal, wide angle side view from halfway, and close up angle vision). Only free kick situations with complete agreement between coaches was used for analysis as per Mallo et al. (14) . In AF, free kicks are "awarded to or against a player, as the case may be when a field umpire considers any circumstances set out in Law 15" (1). While free kicks only represent a small portion of the overall decision-making demands, they are easily measurable and require more complex cognitive processing and rule interpretation. Other decisions such as marks, out of bounds and scoring decisions were excluded from analysis, as they represent general play scenarios that occur on a very frequent basis or are adjudicated by the boundary or goal umpires.
Free kicks were assessed as either correct (i.e. field umpire awarded a free kick to a player who was infringed); missed (i.e. the umpire failed to award a free kick to a player who was infringed and a free kick should have been awarded to a player); or unwarranted (i.e. umpire awarded a free kick to a player who was not infringed and no free kick should have been awarded in these circumstances). Missed and unwarranted free kicks were further classified as incorrect decisions. The nature of the infringement, the area it occurred on the playing field (mid-zone or end-zone), time and quarter of the infringement as well as the players and umpires involved were also recorded. Free kick accuracy was calculated as the number of correct decisions divided by the total number of free kicks awarded by each umpire during each quarter of a match. To examine intra-observer reliability of the AF umpire coaches, video footage of 50 free kick scenarios separate to the data collection period was shown to each umpire coach for assessment. This assessment demonstrated a moderate level of intraobserver reliability (ICC=0.91; CV=10.2%) (9, 14) . Non-playing data (i.e. quarter breaks) were not included in analysis.
Movement data was calculated as the distance covered and time spent in six locomotor categories: [stand (<0.7 km·h -1 ); walk (0.7-7 km·h -1 ); jog (7-14.4 km·h -1 ); run (14.4-20 km·h -1 ); fast run (20-23 km·h -1 ); sprint (≥23 km·h -1 )]. The distance covered in low-intensity activity (<14.4 km·h -1 ) and HSR (≥14.4 km·h -1 ) were also collated in addition to the total distance covered and relative distance maintained during each quarter. These zones are consistent with previously published time-motion analysis studies, and thus allow for direct comparison with the demands of umpires and players in AF (4, 7). Previously, 5 Hz MinimaxX GPS units have demonstrated acceptable validity (SEE: 3.8 ± 0.6%), and reliability (CV: 3.6%) for measuring the total distance during simulated team sport exercise (10) . However, a limitation of GPS use is the decreased reliability when assessing HSR in two change of direction courses (typical error: 2.6 m; CV: 7.9-9.2%) (10) . As such, care needs to be taken when interpreting these results.
Using the post-match video analysis, the time periods throughout the match that each umpire spent in the mid-or end-zone was determined. The position of each umpire and elapsed time of each rotation between the mid-zone and end-zone umpires was recorded. Rotations could occur at any time throughout a match as per the discretion of the officiating umpires.
Movement data was then manually divided to determine the various physical performance measures for each rotation.
Statistical Analysis
All data are presented as the mean (± standard deviation). Data were initially analyzed for normality and homogeneity of variances using the Shapiro-Wilk statistic and Levene's test, respectively. One-way repeated measures analysis of variance (ANOVA) was used to determine the differences in physical demands between the four quarters. Independent t-tests were used to identify comparisons between groups. Further, 95%
Confidence Intervals (CI) were used to report mean differences between the two groups.
Decision-making accuracy was analyzed by comparing the free kick decisions made within each quarter of a match. As this data was non-parametric, a Friedman's analysis of variance was used. Chi-squared goodness of fit tests (16) were applied to examine the decision-making performance between the mid-zone and end-zone umpire positions. Statistical significance was set at p<0.05 for all statistical tests and procedures were performed using SPSS Statistics (version 19, IBM Corporation, Somers, New York, USA).
RESULTS
The mean values for the physical and free kick decision-making demands are presented in Table 1 . Significant reductions in the distance covered were observed (F3,168=6.116; p=0.001; η 2 p=0.098), with post-hoc analysis identifying that the distance covered in the third (p=0.006) and fourth (p=0.001) quarters were significantly less than that of the first quarter. A significant main effect was also observed for the HSR distance (F3,168=4.271; p=0.006; η 2 p=0.071), with the fourth quarter being significantly lower compared to the first (p=0.003).
Further reductions were observed across various speed thresholds that are collectively shown in Table 1 . ***TABLE 1 ABOUT HERE*** Significant differences exist between the mid-zone and end-zone positions in regard to HSR (p=0.001, 95% CI: 641 to 895 m) and relative distance (p=0.001, 95% CI: 47 to 55 m·min -1 ) covered. There was no significant difference between the two groups for the total distance covered ( Figure 2 ). On average, a rotation between the umpires occurred every 2:38 ± 1:24 min:s, with no significant difference in rotation length across quarters (p=0.530). ***FIGURE 2 ABOUT HERE*** During the observed matches, umpires awarded a total of 779 free kicks (correct: 742; unwarranted: 37) with a further 105 free kicks categorized as missed during these matches (n=884 decisions). Subsequent analysis determined that in each match, field umpires had an overall free kick accuracy of 84 ± 6%, awarding a collective 44 ± 8 free kicks per match. Free kick accuracy (p=0.110) and number of free kicks awarded (p=0.340) were consistent across each quarter of a match.
Chi-square (χ 2 ) analysis identified a non-uniform distribution in the number of free kicks with more free kicks awarded in the mid-zone area compared to the end-zone (p=0.025; χ 2 (1)=5.040). Accuracy between mid-zone and end-zone areas was uniformly distributed.
Examination of incorrect free kicks highlighted no significant trend to over or under penalizing across a match (p=0.731).
DISCUSSION
The current study aimed to examine the physical demands of AF umpires and quantify their free kick decision-making performance during match play. The results present novel data that examine differences in the physical demands and decision-making requirements in different regions of the field. Together, these data have important applications in the development of AF umpires, and collectively all team sport officials.
Whilst there is little difference in the total distance covered by umpires in the current study, compared with Coutts and Reaburn (5), umpires performed a greater proportion of HSR.
Further differences in physical demands exist compared to a sub-elite population group using similar methodology (7) . This may reflect the differing standards of competition examined, with the superior ability of elite level umpires to read play and predict where to position themselves (2) . Although, this may not be true for AF umpires as suggested by Larkin et al. (13) using video based play prediction methods. Similar to various AF research (4, 6, 7), within match variations exist, demonstrated by reductions in the total distance and HSR distance towards the end of matches. However, given the role of umpires, their physical demands are likely to be influenced by the running speed and ball movement of players. The significantly faster movement reported for the beginning of a match, and the subsequent decline in these demands (4) , demonstrate that the physical intensity of umpires may be reduced in response the demands of play (19).
While global changes occur in the movement demands across a match, perhaps more importantly, significant differences in the demands (i.e. relative distance, HSR) within the mid-zone highlight the more physically demanding region for AF umpires. It is proposed that rotating umpires between mid-and end-zone positions during match play permits umpires to alternate periods of high-intensity work and rest, allowing them to maintain a lower physiological intensity and limit fatigue. However, while positioned within the end-zone, umpires are still required to perform their role, particularly if play transitions towards this area. As such this may limit the potential for complete physical recovery prior to rotating back into the mid-zone.
While reductions in the movement demands exist, the maintenance of decision-making accuracy suggests that these activity changes are in response to game speed and structure, rather than physical fatigue. It would be expected that with increasing physical fatigue, umpires are unable to maintain the required intensity to position themselves correctly around play (11, 12) and as a result, are more likely to incorrectly adjudicate. As the majority of match play is spent in the middle of the ground, it was expected that the mid-zone umpire would make the highest number of decisions whilst undertaking the highest relative physical demands. Mental fatigue has been suggested as a mechanism for poorer decision-making performance in soccer referees (14) , hence the three umpire system may assist in alleviating this reduction in performance late in matches, by allowing mid-zone umpires to rotate in order to recover in the end-zone. Therefore, this may be beneficial for umpires to help maintain decision-making accuracy throughout a match.
Although decision-making performance is stable in the current study, previous research has reported conflicting findings across similar studies. Mallo et al. (14) reported that soccer referees demonstrate the greatest decision-making error rate in the final 15 minutes, suggesting that physical and mental fatigue occurs in the final stages of a match. In contrast, Masceranhas et al. (15) reported poorer decision-making performance of soccer referees during the initial 15 minutes of matches due more players being around the ball. While there were no significant changes in decision-making within a match in the current study, a considerable number of errors (16%) in free kick judgement are committed by AF umpires.
As such, other factors may facilitate errors in the decision-making performance of AF umpires, including obstructed view, distance from play (14) , movement speed (17) , and changes in central nervous system arousal (3) . These factors are yet to be examined in AF umpires, and therefore could be a focus of future research.
It is important to note that the free kick judgements made by umpires represent only a small proportion of the total decision-making demands. With respect to soccer referees, Plessner and colleagues (18) estimated that there are between 200-250 potential decision-making judgements across a match. Alternatively, Helsen and Bultynck (8) determined that soccer referees make on average, 137 observable decisions per match, of which 45 related to free kick scenarios. As such, free kicks represent only a portion of the overall decision-making, with referees making numerous non-observable decisions (i.e. when the referee does not interfere with play and it continues on). Specifically, each AF match involves over 700 disposals (i.e. passing the ball to a team mate), each representing either a legal kick or handball. In these instances, the AF umpire is effectively making a decision to determine whether the method of disposal was legal. Further, body-to-body contact (i.e. tackling, marking contests) between opposing players is only permitted within specific areas of the body placing further decision-making demands on the umpire. Therefore it is likely that the total decision-making requirements of AF officiating is above and beyond the free kick judgements and likely to be upwards of 2000 decisions per match, however this remains difficult to quantify. Each of these acts of play require some assessment by the umpire, most of which occur without interference (i.e. a "play-on" decision when there is no illegal act of play), or obvious reaction from the umpire. As such, future studies should aim to establish methods to identify the total decision-making demands associated with AF umpiring, and team sport officiating in general.
The main findings of the current study present current information regarding the match demands of AF umpires whereby reductions in various physical performance measures existed during the fourth quarter. There were reduced physical and decision-making demands in the end-zone position, which umpires use for periods of on-field physical recovery.
Further, the study demonstrated that the free kick decision-making accuracy of AF umpires remains consistent across each quarter of a match. The positional rotations of the umpires allow for physical recovery between bouts within the mid-zone, and thus the match demands are shared, enabling all umpires to complete each match whilst maintaining their decisionmaking performance.
PRACTICAL APPLICATIONS
The results of this study provide beneficial information for strength and conditioning coaches to apply current physical demands to AF umpire training. Important information such as comparison between the demands of mid-zone and end-zone AF umpires has never previously been quantified. Therefore, this study highlights how these positions are used for methods of on-field recovery. Further, no previous studies examined the free kick decisionmaking aspect of AF umpire performance, and as this is considered their most important role during play, these findings are important to include for future training. However, free kicks only account for a proportion of the total decision-making demands and therefore this needs to be considered during match performance assessment.
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